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The guided modes of sub- wavelength diameter air-clad optical fibers exhibit a pronounced evanes- 
cent field. The absorption of particles on the fiber surface is therefore readily detected via the fiber 
transmission. We show that the resulting absorption for a given surface coverage can be orders of 
magnitude higher than for conventional surface spectroscopy. As a demonstration, we present mea- 
surements on sub-monolayers of 3,4,9, 10-perylene-tetracarboxylic dianhydride (PTCDA) molecules 
at ambient conditions, revealing the agglomeration dynamics on a second to minutes timescale. 
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During the last twenty years, numerous optical tools 
for surface and interface analysis have been developed 
The selective sensitivity to surface effects is often 
obtained by carrying out spectroscopy with evanescent 
waves (EW) , created by total internal reflection of light at 
the interface. This is straightforwardly realized by excit- 
ing waveguide modes in unclad optical fibers 0, [J. If the 
EW is resonant with the transition frequency of particles 
(atoms, molecules, quantum dots, etc.) in the surround- 
ing medium, one can use both the particles' fluorescence 
[3| or the peak attenuation of the waveguide mode 0, Q 
to infer the concentration of particles at the interface. 
Moreover, the line shapes allow to spectroscopically re- 
trieve detailed physical information about the nature and 
strength of the particle-surface interaction. 

Fiber-based evanescent wave spectroscopy (EWS) is 
used in various sensors [f|. The robustness, reliability, 
and ease of use of an all-fiber-based sensor technology is 
advantageous for in situ sensing in a remote or isolated 
location or in a harsh environment, e.g., in industrial ap- 
plications or environmental studies. Furthermore, such 
sensors also profit from the multiplexing and miniaturiza- 
tion potential inherent to fiber technology. When mea- 
suring a volumetric concentration of particles in the sur- 
rounding medium, these sensors yield however a reduced 
sensitivity compared to conventional free-beam absorp- 
tion: a significant fraction of the light propagates inside 
the waveguide and therefore does not interact with the 
particles of interest. This problem can partially be over- 
come by increasing the power fraction in the EW through 
proper choice of the fiber mode or geometry 0, H, [l] . Yet, 
even in the ultimate case of 100 % EW, the sensitivity 
will not exceed that of free-beam absorption techniques. 

In this letter, we demonstrate that the situation can be 
dramatically different when employing fiber-based EWS 
for the spectroscopic study of surface coverages instead 
of volumetric concentrations: The ultimate sensitivity 
of fiber-based surface absorption spectroscopy (SAS) is 
shown to strongly depend on the fiber diameter and to 
exceed free-beam SAS by several orders of magnitude in 



the case of sub-wavelength diameter fibers. Fiber-based 
surface absorption spectroscopy (SAS) has already been 
used for a number of applications, e.g., in bio-sensors [Tpj ] . 
However, to our knowledge, these applications were only 
motivated by the above-mentioned practical advantages; 
their ultimate sensitivity was so far neither the subject of 
theoretical nor of experimental studies. As a demonstra- 
tion, we present fiber-based SAS measurements on sub- 
monolayers of 3,4,9, 10-perylene-tetracarboxylic dianhy- 
dride molecules (PTCDA, see inset of Fig. [3Ja) below). 
PTCDA thin films are excellent indicators for the sensi- 
tivity because their spectral properties highly depend on 
the detailed arrangement of the molecules on the surface 
ll| . Our findings are of relevance for a large variety of 
fields ranging from sensorial applications in industry, en- 
vironmental studies, and bio-technology to fundamental 
research concerning thin film growth as well as the con- 
trolled interaction of light and matter at the ultimate, 
microscopic scale. 

We start by considering the absorbance (i.e., decadal 
absorption coefficient) of a dilute film of molecules de- 
posited on a dielectric surface. It is defined as 
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where -P S ig(A) and -P rc f(A) are the transmitted powers 
within the spectral interval [A, A + AA] with and with- 
out molecules present, respectively. The right hand side 
of Eq. (TT]) holds in the limit of a weak absorption, i.e., 
for P abs (A) = P rcf (A) - P sig (A) « P rc f (A). 

The absorbance of a freely propagating light beam im- 
pinging onto the film is proportional to the surface cov- 
erage 8, i.e., the number of molecules n per surface area: 



77 free (A)=0a(A)/ln(lO) 



(2) 



where cr(A) is the molecules' absorption cross section. By 
choosing a non-zero angle of incidence <p, ?7f rco can in 
principle be enhanced by a factor of 1/ cos(0). However, 
this factor is limited by the experimental geometry and 
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typically remains of order one. For free beam measure- 
ment schemes (e.g., transmission spectroscopy, differen- 
tial reflection spectroscopy (DRS), or attenuated total 
reflection spectroscopy, see [l| for a review), the small- 
est detectable surface: coverage is thus determined by the 
smallest detectable absorbance according to 



ln(10)? 7min (A)/ ( 7(A) . 



(3) 



The situation is very different in fiber-based SAS, 
where every molecule absorbs a constant fraction 
a(X)/A c g of the power with A c g given by 



A eS (A) = P re£ (A)// surf (A) 



(4) 



A e ff thus corresponds to an effective area of the guided 
fiber mode which is normalized to the evanescent field in- 
tensity at the fiber surface, / S urf(A), calculated according 
to [12J. The transmitted power after interaction with n 



molecules is then given by 

P s ig(A) =P ref (A) [1 - <r(X)/A eS ] n 
yielding an absorbance of 
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where the right hand side holds for a(X)/A e g <C 1. Sub- 
stituting n = 2nRL9, where R and L are the fiber radius 
and length, respectively, then yields 
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For a given surface coverage the absorbance in fiber- 
based SAS is thus enhanced by a factor of £(A) = 
2irRL/A c ff (A). As a first estimate, we can assume 
A off (A) w irR 2 , yielding £ w 2L/R. With L of the order 
of millimetres and R in the sub-micron range, we thus 
expect £ to be as large as 10000 for typical ultra-thin 
fibers, promising an increase of four orders of magnitude 
in sensitivity. For a more rigorous estimate, we calcu- 
late A e fi (A) from Eq. ((4]) using the intensity profile of the 
fundamental guided mode of the air-clad silica fiber, see 
Fig. da). Figure [IJb) gives R/A e g(\) in units of 1/ A as 
a function of R in units of A (red solid line). Interest- 
ingly, RX/A g(X) reaches a maximum for R/X = 0.253 
and then rapidly goes to zero because for R <C A the 
mode is only weakly bound and A e g diverges. When 
seeking to detect or to characterize a given surface cov- 
erage of molecules with the highest possible sensitivity, 
one should thus choose a fiber radius of approximately 
one fourth of the central wavelength A c of the measured 
spectrum. The enhancement factor with respect to free 
beam spectroscopy in this case will be £ ss 3.64 x L/X c . 
For A c = 500 nm, £ m 10000 is, e.g., already obtained for 
L = 1.5 mm, which can easily be realized for ultra-thin 
optical fibers. 
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FIG. 1: (Color online) (a) Intensity profile of the fundamen- 
tal guided HEn mode of an air-clad silica fiber in units of 
Nanowatts per A 2 as a function of the distance d from the 
fiber surface in units of A. Calculated according to [l2l ] for 
unpolarized light, a total guided power of 1 nW, and a fiber 
radius of 0.253 x A. (b) Plot of 1/A c s and R/A c s in units of 
1/A 2 and 1/A, respectively, as a function of the fiber radius 
R in units of A. Assuming a refractive index of 1.46, all plots 
in (a) and (b) hold universally for any A. 



We note that, due to the wavelength dependence of 
£(A), the measured absorbance ?7fiber(A) is not directly 
proportional to er(A) as in the case of free beam spec- 
troscopy. Before interpretation, the spectra will thus 
have to be normalized with respect to £(A), as calcu- 
lated from Fig. [ljb). Finally, according to Eq. ([6]), if 
one seeks to detect or to characterize a given number of 
particles on the fiber surface rather than a given surface 
coverage, one will have to maximize l/A c g(X) instead of 
R/A c g(X). This is realized for a 10 % smaller fiber radius 
of R/X = 0.228, see black solid line in Fig. \V[h). 

In order to experimentally illustrate the enhanced sen- 
sitivity of the described method with respect to free 
beam measurement schemes, we have deposited PTCDA 
molecules on the surface of an ultra-thin fiber waist. 
PTCDA is an interesting model system for organic thin 
film growth. It forms smooth and highly ordered layers 
on a large variety of different substrates [l3j and shows 



clear spectroscopic signatures for different phases [11] . 

We fabricate the tapered fibers by stretching a stan- 
dard optical single mode fiber (Newport F-SF) while 
heating it with a travelling hydrogen/oxygen flame [3]. 
Our computer controlled fiber pulling rig produces ta- 
pered fibers with a homogeneous waist diameter down 
to 100 nm and a typical extension of 1—10 mm. By an- 
alytically modelling the pulling process, we can predict 
the resulting fiber profile with better than 10% precision. 
In the taper sections, the weakly guided LP i mode of 
the unstretched fiber is adiabatically transformed into 
the strongly guided HEn mode of the ultrathin section 
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FIG. 2: (Color online) Scheme of the experimental set-up. 
White light from a tungsten lamp is transmitted through a 
tapered fiber with a 500- nm diameter waist and analyzed by a 
CCD spectrograph. This allows to measure the absorbance of 
molecules deposited on the fiber waist with a high sensitivity. 



and back [l5j |. resulting in a highly efficient coupling of 
light in and out of the taper waist. For monochromatic 
light of 850-nm wavelength and fibers with a final diam- 
eter above 0.5 fim, we reach up to 97 % of the initial 
transmission. 

A so-prepared 500-nm diameter tapered fiber with a 
waist length of 3 mm was used for our measurements. 
Figure [2] shows the simple experimental set-up, using a 
conventional absorption spectrometer configuration with 
a tungsten white light source and a commercial CCD 
spectrograph (Ocean Optics SW1024). A reference spec- 
trum with 6 nm effective spectral resolution is recorded 
without molecules. 

The molecules are deposited on the fiber waist by plac- 
ing a crucible with PTCDA crystals below the fiber and 
by heating it up to 250°C. By convection, the air car- 
ries sublimated molecules to the fiber waist where they 
are adsorbed. During deposition, we continuously record 
spectra with an integration time of 1 s. Figure [3]Ja) dis- 
plays a series of absorption spectra, recorded with about 
25 nW of white light, not saturating the molecules. All 
spectra show a clear vibronic progression. Qualitatively, 
they agree well with DRS spectra of sub-monolayers of 



PTCDA on mica reported in Quantitatively, the 

absorbance on the high energy side is reduced by 5-10 % 
in our case due to the wavelength-dependance of the en- 
hancement factor £. From the absorbance of 0.09-0.42 
at 2.4 eV and using a = 2.7 x 10~ 16 cm 2 17] in Eq. 0, 
we infer that 0.5-2.3 x 10 7 molecules covered the fiber 
waist. This corresponds to a surface coverage of 1.0 
4.9 x 10 11 cm -2 or 0.12-0.59 % of a compact monolayer of 
flat lying PTCDA molecules, arranged in the herringbone 
structure of the (102) plane of the PTCDA bulk crystal 
[la. Thus, with respect to the DRS spectra reported 
in yd], the smallest coverages in our case were about 
two orders of magnitude smaller. The strongest line at 
2.42 eV (see the 1-4 s spectra) shifts by 0.02 eV to smaller 
energies between 4 and 53 s. This shift has been ob- 
served previously and is attributed to the condensation of 
isolated PTCDA molecules into two-dimensional islands 
This clearly demonstrates that sub- monolayer ab- 
sorbance spectra can be measured very rapidly and with 
an excellent signal to noise ratio with fiber-based SAS. 
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FIG. 3: (Color online) Consecutive absorbance spectra, (a) 
Deposition of a sub-monolayer: more and more molecules still 
show a monomer-like spectrum, (b) Evolution of the spectral 
absorption of a constant molecule number. The shape varies 
continuously from monomer-like to oligomer-like. Thus we 
observe agglomeration of the molecules on the fiber surface. 



Figure 0(b) displays a series of spectra that monitor 
the post-deposition evolution, i.e., the ripening of the 
film after stopping the deposition of the molecules. We 
observe a continuous transformation from a monolayer to 
a multilayer spectrum, similar to [l8j |. It demonstrates 
that a PTCDA monolayer on a glass surface is meta- 
stable at ambient conditions and transforms into islands 
with a thickness of at least two monolayers within min- 
utes. Two isosbestic points are observed at 2.30 eV and 
2.67 eV, confirming that the total number of molecules 
is constant during the ripening. 

Due to the fast data collection, we are able to extract 
additional kinetic details of the ripening process. In the 
time interval t = 20-100 s, our spectra can be understood 
as a weighted sum, p ■ A + (1 — p) ■ B, of a monolayer 
spectrum A (the 20 s spectrum in the inset of Fig. 2]) 
and a spectrum B, where most PTCDA molecules have 
a next neighbour vertical to the glass surface and are thus 
dimers concerning their optical properties (the 100 s spec- 
trum in Fig. [4]). We fitted this model to our data. As an 
example, the 60 s spectrum and its fit are shown. The 
weight of the monolayer spectrum is plotted as a function 
of time in Fig. 0] For t = 20-100 s it decays with a time 
constant of 55 (±1) s according to an offset exponential 
[l9j |. indicating first order kinetics of the ripening. We 
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FIG. 4: (Color online) Spectral investigation of the film ripen- 
ing. Spectra for t — 20-100 s can be modelled as a weighted 
sum of the spectra at t = 20 s and t = 100 s. As an example, 
we show the t = 60 s spectrum and the corresponding model 
fit (see inset). The spectral weight of the t = 20 s spectrum 
decays according to an offset exponential for t = 20-100 s [l9| . 
The corresponding fit yields a decay constant of 55(±1) s. The 
dotted line extrapolates the fit for t < 20 s and t > 100 s. 

thus conclude that the molecules reorganize into dimers 
through a growth process rather than through two-body 
collisions, because the latter would lead to second or- 
der kinetics. Outside of the t — 20-100 s interval, the 
experimental data deviate from the extrapolated expo- 
nential behaviour (dotted line), indicating that channels 
other than A — > B significantly contribute to the trans- 
formation dynamics. We attribute this to the above- 
mentioned condensation of isolated PTCDA molecules 
into two-dimensional islands for t < 20 s and to the for- 
mation of oligomers for t > 100 s. 

Reordering of monolayer islands to a polycrystalline 
phase was also observed for PTCDA deposited on mica 
when transferring the samples from vacuum to ambient 
conditions [l8| . The agglomeration process was however 
not resolved in time. By comparison with samples in a 
dry atmosphere, Proehl et al. deduced that coadsorbed 
water accelerates the reordering [l8| . The small time con- 
stant observed in our experiment, entirely performed un- 
der ambient conditions, confirms this conclusion. More- 
over, our experiment demonstrates that the metastable 
monolayer exists only for a very short time under ambient 
conditions and can hence be easily overlooked. 

Summarizing, we have shown that sub-wavelength di- 
ameter optical fibers are a powerful and easy to use 
tool for ultra-sensitive surface absorption spectroscopy. 
In a theoretical analysis we showed that the sensitivity 
of fiber-based surface absorption spectroscopy can out- 
perform free-beam techniques by several orders of mag- 
nitude. We applied our method to sub-monolayers of 
PTCDA molecules, deposited on the surface of an ultra- 
thin fiber. The high sensitivity allowed us to record spec- 
tra with an excellent signal to noise ratio in a short time, 
revealing the dynamics of the deposition and of the post- 



deposition evolution of the dilute molecular film on a 
second to minutes time scale. The experiments where 
carried out with an extremely simple and low-cost exper- 
imental set-up. Yet, the sensitivity of our measurements 
exceeded what was reached in previous studies by two 
orders of magnitude. Straightforward technical improve- 
ments should allow to further increase this value and to 
approach the ultimate sensitivity of the technique. 
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